The process of mononucleosome assembly mediated by histone chaperone NAP1 was investigated using DNA fragments 146 and 207 bp in length containing the Lytechinus variegatus 5 S rDNA nucleosome positioning sequence. A quantitative description was derived using gel electrophoresis and fluorescent anisotropy data. First, NAP1-bound H3⅐H4 was released forming a DNA-histone tetramer complex with a time constant of k 1 ‫؍‬ (2.5 ؎ 0.7) ⅐ 10 4 M ؊1 s ؊1 .
chromatin remodeling complex ACF did not increase the kinetics of the mononucleosome assembly process.
The repeating building block of chromatin is the nucleosome, a nucleoprotein complex consisting of two each of histones H2A, H2B, H3, and H4 wrapped around 146/147 bp of DNA (1) . Several studies have focused on the mechanism by which these entities are assembled and how a defined chromatin structure is established (2) (3) (4) (5) (6) (7) (8) (9) (10) . In vivo chromatin assembly is mostly coupled to DNA replication (11) , but recent investigations have pointed out the importance of replicationindependent deposition of variant histones such as H2A.Z and H3. 3 . This process appears to be relevant in the formation of chromatin with differential transcriptional activity (12) (13) (14) (15) (16) . Assembly of nucleosomes seems to be closely linked to the activity of ATP-dependent chromatin remodeling machineries, required for the formation of evenly spaced nucleosome arrays, which are characteristic for the native chromatin conformation (17) .
Simple mixing of histones and DNA leads mainly to large, insoluble aggregates (18, 19) . Accordingly, the transfer of histones to DNA in the cell is carried out by histone chaperones such as the heterotrimeric chromatin assembly factor 1 (CAF1) (20) , N1/N2 (21, 22) , nucleoplasmin (23) (24) (25) , HIRA (26, 27) , and nucleosome assembly protein 1 (NAP1) 2 (28, 29) . Per definition, all share the capability of binding histones and releasing them to DNA or other targets, but they differ with respect to in vivo functions and the preferred histone interaction partner. The histone chaperone NAP1 studied here is involved in the shuttling of newly synthesized histone H2A⅐H2B dimers from the cytoplasm to the nucleus and the deposition of histones onto the DNA (3, 17, 30) . In addition, NAP1 has been reported to play a role in chromatin remodeling and the incorporation of variant histones into chromatin (29, (31) (32) (33) . The structure of a yeast NAP1 dimer has been determined recently by x-ray crystallography (34) . Although NAP1 is generally regarded as a carrier for the H2A⅐H2B dimer, it interacts with similar affinity with H3⅐H4 in vitro (32, 35, 36) and has been used as sole histone carrier for chromatin reconstitution with the chromatin assembly/remodeling factor ACF (37) . Furthermore, recent results report the interaction of NAP1 with linker histones (38, 39) .
During nucleosome assembly the histone transfer seems to follow a defined scheme. First, a tetrasome consisting of an (H3⅐H4) 2 tetramer is formed on the DNA followed by the addition of two H2A⅐H2B dimers. In a final step the linker histone H1 is added to the core nucleosome yielding a complex, which is referred to here to as the chromatosome. This stepwise assembly mechanism has been shown for chromatin formation in vivo (10, 40 -44) as well as for a wide range of in vitro assays (45). These include reconstitution reactions with nuclear extracts (46, 47) , purified or recombinant factors at physiological salt concentrations (48 -50) , as well as protocols that utilize salt gradients (51) (52) (53) (54) . Hence, this assembly order appears to be governed by the intrinsic physical properties of the histones themselves. Accordingly, nucleosomes can be formed with predeposited H3⅐H4 tetrasomes but assemble only inefficiently on H2A⅐H2B-DNA complexes (49, 53, 55) .
In this study NAP1 was used in combination with DNA templates of 146 and 207 bp length, recombinant core histones, and linker histone H1 as a minimal system to study the mechanism of mononucleosome assembly mediated by a histone chaperone under well defined conditions and at physiological ionic strength. It is shown that NAP1-guided assembly includes an additional intermediate step, as after tetrasome deposition hexasomes are formed, which then maturate into complete nucleosomes. Furthermore, NAP1 assembles H2A.Z-containing nucleosomes mechanistically similar to canonical ones. According to our results, formation of mononucleosomes by NAP1 is not influenced by the energy-dependent activity of chromatin remodeling factors like ACF. Based on these findings and the results of a preceding paper (39) , we propose a model in which assembly of nucleosomes up to the level of chromatin is governed by affinity differences of histones between chaperones and binding sites on DNA or (sub)nucleosomal complexes.
EXPERIMENTAL PROCEDURES
Preparation of Proteins-N-terminally His-tagged yeast NAP1 was overexpressed and purified from Escherichia coli as described elsewhere (36) . Recombinant histone octamer with either canonical H2A or H2A.Z was purified using established protocols (56, 57) . Site-specific labeling of histone complexes with Alexa Fluor 488 or 633 C5 maleimide (Molecular Probes Europe BV, Leiden, Netherlands) was performed as described previously using plasmids containing H2A R12C, H2A.Z K5C, H3 C110A, and H4 K5C to obtain Alexa 488-labeled H2A f , H2A.Z f , and H4 f as well as Alexa 633-labeled H2A r histone complexes (36, 58) . The H2A.Z K5C vector was derived from the H2A.Z overexpression vector (14) using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA). Alexa 488-labeled H1 (H1 f ) was prepared as described previously (39) . Labeling efficiency and purification were assessed by absorbance spectroscopy and SDS-PAGE.
Preparation of Nucleic Acids-DNA fragments of 146 bp (DNA 146 ) or 207 bp (DNA 207 ) containing the Lytechinus variegatus rDNA sequence were prepared by restriction enzyme digestion (EcoRV or RsaI) with subsequent gel purification from the template pTJR2 (59) or p5S207-12 (60) . The bona fide random DNA fragment was amplified by PCR from plasmid pET3A using the primer I (CAT ACC GCC AGT TGT TTA CCC) and primer II (GGT CAC TGA TGC CTC CGT) for the 146-bp fragment or primer I and primer III (CAG AAG CCA GAC ATT AAC GCT TC) for the 207-bp fragment. The products were isolated by gel purification.
Gel Electrophoretic Analysis of NAP1-mediated Nucleosome Assembly-For gel electrophoretic analysis, mixtures of NAP1/histone octamer (800/100 nM) and DNA 207 or DNA 146 (each 100 nM) were prepared in assembly buffer (10 mM Tris-HCl, pH 7.5, 150 mM KCl, 0.5 mM dithiothreitol, 2 mM MgCl 2 and 0.05% Brij-35 (Pierce Biotechnology, Rockford, IL)). In experiments with H1 or ACF (1 ACF complex: 50 histone octamers, reaction supplemented with either 1 mM ATP or CTP) a decreased salt concentration of 75 mM KCl was used. Chromatosome assembly was studied by the addition of preincubated 150 nM H1 f and 300 nM NAP1. The increased ratio of H1 to histone octamer (1.5:1) was chosen to shift the equilibrium more toward chromatosome formation. The samples were incubated at 25°C for the times indicated prior to loading on a 1% Tris borate-EDTA (Figs. 1, E and F, 2C, 5, and 6 and supplemental Figs. S1-S4) or Tris acetate-EDTA-agarose gel (Figs. 1, A and B, and 3) . Equivalent results were obtained, with Tris acetate-EDTA providing a slightly better separation of species on the 207-bp DNA. The distribution of species was also analyzed by native PAGE using 5.5% (29:1) acrylamide-bisacrylamide gels, which allowed a separation of complexes at different positions on the DNA. Gels were run at approx. 5 V/cm in 0.3ϫ Tris borate-EDTA at 4°C for 12 h. Bands were visualized by ethidium bromide (EtBr) fluorescence after staining or by recording the Alexa 488 signal of the histone label. Quantification was conducted using ImageQuant software (Amersham Biosciences). For the evaluation of the EtBr signal the amount of free DNA in equilibrium at the end of the time course (typically 10 -15%) was determined and used to calculate the amount of histone-DNA complexes from the fraction of bound DNA. The resulting values were used to derive the amount of the different histone-DNA species at the other time points. The time lag in the EMSA experiments between loading the samples on the gel and the stop point of the ongoing assembly reaction was determined to be 200 s. This value was derived from a comparison with the fluorescence anisotropy data as well as from using it as a free parameter when fitting the gel data to the models given in Equations 1-4. Least-squares fitting of kinetic rate constants was performed with the software package GEPASI, which automatically derives differential equations for a given model (61) .
Fluorescence Anisotropy Measurements-Fluorescence anisotropy experiments were conducted on a Jasco FP-6300 spectrofluorometer (Jasco, Tokyo, Japan). Histone/NAP1 samples with Alexa-labeled H4 f or H2A f in assembly buffer were excited at 496 nm, and emission was monitored at 513 nm. H4 f was used for tetrasome assembly and H2A f for nucleosome assembly. Anisotropy data acquisition and analysis were conducted essentially as described previously (62) . The assembly reaction was started by the addition of DNA 207 or DNA 146 to a final concentration of 100 nM duplex. Upon transfer of histones from NAP1 to the DNA, the total fluorescence intensity increased, as given by the quenching factor, q. The fraction of histone H2A f or H4 f bound to DNA at equilibrium, eq , was determined in the EMSA experiments from the amount of free DNA and assigned to the fraction of H2A or H4 bound to DNA when the anisotropy signal reached a plateau. The fraction of DNA-bound histone in dependence of assembly time t was calculated according to
where r is the measured anisotropy, r NAP1-H the anisotropy of the NAP1-histone complex, and r DNA-H the anisotropy of the DNA-histone complex (63 
RESULTS AND DISCUSSION
NAP1-mediated Mononucleosome Assembly Proceeds via a Hexasome Intermediate-To investigate the kinetics of nucleosome assembly by histone chaperone NAP1, products and intermediates of the reaction were analyzed on agarose gels (Fig. 1 ). For this purpose NAP1 and the histone octamer were mixed in a stoichiometric ratio of one histone per NAP1 monomer, which was determined previously as the optimal ratio for complex formation (35, 36) . Fractions of this premix were then allowed to react for the indicated times with the 207-bp (DNA 207 ) or 146-bp (DNA 146 ) rDNA fragment, in an equimolar ratio between histone octamers and DNA, and analyzed on agarose gels (Fig. 1 ). Products were detected via staining of the DNA with EtBr (Fig. 1, A and E) or by recording the fluorescence of Alexa 488-maleimide-labeled H2A (H2A f ) of the same gel (Fig. 1, B  and F) . With the Alexa 488 signal three bands were identified, which represent the slow moving NAP1 2 -(H2A f ⅐H2B) complex (36, 39) and two DNA-histone particles (Fig. 1, B and F) . With EtBr staining of the gels (Fig. 1 , A and E) the "complete" nucleosome band was identified from a comparison of the migration behavior with salt-reconstituted nucleosomes (see also Fig. 3C and supplemental Fig. S1A ). The second species running below the nucleosome was assigned to a hexasome, e.g. a subnucleosomal particle, in which only one H2A⅐H2B dimer is present. Per definition such a complex displays a 50% decreased ratio between histone H2A f fluorescence and EtBr staining compared with the complete nucleosome. In agreement with this expectation, quantification of the Alexa 488 to EtBr signal showed a ratio of 1.8 Ϯ 0.3 for the normalized H2A f fluorescence intensity of the nucleosome band to that of the hexasome (Fig. 1, C and G) .
The formation of hexasome and nucleosome particles on both DNAs was quantified by averaging the results from numerous gels. Compared with the DNA 207 template the abundance of hexasomes increased sig-nificantly with DNA 146 (Fig. 1, D and H) , and in equilibrium the hexasome band was about twice as prominent as the nucleosomal band. With both DNAs a significant fraction of H2A⅐H2B remained bound to NAP1, as not all hexasomes maturated to full nucleosomes in equilibrium. However, if more NAP1 2 -(H2A⅐H2B) complexes or free H2A⅐H2B were added, all subnucleosomal particles converted into nucleosomes (data not shown).
The formation of a relatively stable hexameric complex during nucleosome assembly as well as during the NAP1-mediated disintegration reaction (31, 39) appears rather surprising, because the two Table 1 . H, quantification of six time courses with DNA 146 . The analysis was conducted as described in D.
H2A⅐H2B dimers adopt symmetric positions within the nucleosome. A possible explanation would be differences between the hexasome and nucleosome in the organization of the DNA around the histone core, which might also be relevant in facilitating transcription through chromatin, as discussed previously (39, 64, 65) . Such a stabilized hexasome conformation appears to require physiological ionic strength, as disassembly experiments by increase of ionic strength showed no difference in the dissociation of the H2A⅐H2B dimers from hexasomes and nucleosomes (66) .
Analysis of Histone-DNA Complexes Formed during Assembly by Native PAGE-The different species formed during nucleosome assembly with the DNA 207 were further examined by native PAGE, which allows the separation of subnucleosomal particles and differently positioned nucleosomes (66 -68) (supplemental Fig. S1 , C and D). In these experiments the tetrasome was the slowest migrating species followed by the nucleosomes and the faster migrating hexasomes. It can be seen that the amount of tetramer-DNA complex is negligible and well below 10% of the total intensity. Thus, the assembly of tetrasomes into hexasomes takes place quickly, making tetrasomes a rather transient species.
In a number of studies the DNA sequence utilized here was shown to harbor multiple nucleosome positions with varying strengths (69 -72) . From a comparison with recombinant, salt-reconstituted mononucleosomes three major nucleosome bands were identified (supplemental Fig. S1C, NUC 1-3 ), which formed with slightly different kinetics. At least two and possibly three bands (HEX 1-3 ) appeared well before the nucleosome bands, suggesting that these represent the hexasomes, as inferred from the agarose gel analysis.
Kinetic Analysis of Assembly Processes by Fluorescence Anisotropy Measurements-The kinetics of tetrasome and nucleosome assembly were also monitored by fluorescence anisotropy spectroscopy and compared with the EMSA data (Fig. 2 ). Histone octamer with H2A f was complexed with NAP1 and then assembled with the DNA template. The course of the reaction was followed by the change in fluorescence anisotropy of H2A f upon binding to DNA 207 ( Fig. 2A ) and DNA 146 (Fig.  2B) . The anisotropy change was expressed in terms of the fraction of DNA-bound H2A f and was in good agreement with the EMSA data. To examine tetrasome formation, assembly reactions were carried out without H2A and H2B, and analyzed by gel electrophoresis and fluorescence anisotropy measurements (Fig. 2, C and D) . These experiments show that the reaction proceeded quickly, given that equilibrium f and DNA 207 . The measured anisotropy change was converted into the fraction of DNA-bound H2A (dotted line). The solid line is the fit to the gel electrophoresis data for DNA 207 (see Fig. 1 ), where the amount of DNA-bound H2A (f) is given by the concentration of nucleosome and hexasome. B, same as in A but with DNA 146 . C, gel electrophoretic analysis of the NAP1-mediated assembly of tetrasomes. The assembly kinetics of a solution containing 200 nM recombinant H3⅐H4 complexed with 400 nM NAP1 were investigated with either DNA 207 or DNA 146 at a concentration of 100 nM. The reaction reaches equilibrium quickly, and on average 30 -35% of the DNA is complexed into tetrasomes. D, quantification of tetrasome assembly kinetics. Fluorescence anisotropy measurements with H4 f and DNA 207 (dotted line) were analyzed as described for A and are plotted with the agarose gel electrophoresis data (f). Fits of the anisotropy data to Equations 1.1a and 1.1b are represented by the solid and dashed line, respectively. The resulting values for the kinetic rate constants were
was reached after ϳ5 min. The amount of free DNA was significant for both DNA lengths, and only 30 -35% of the DNA was complexed into tetrasomes. Hence, the dissociation reaction appeared to be quite prominent and was enhanced by the competition of NAP1 with the DNA for the H3⅐H4 histones. The resulting data set for tetrasome formation was analyzed according to different models (see below). The Assembly Mechanism Shows Little Dependence on DNA Sequence-A possible dependence of the assembly reaction on DNA sequence was investigated by the use of templates with random sequences. First, we utilized 146-bp fragments isolated from HeLa cells that were protected from micrococcal nuclease before purification (supplemental Fig. S2A ). The kinetics appeared similar to the 5 S rDNA template. In addition, defined fragments of 146 and 207 bp in length with no apparent positioning sequences were studied (supplemental Fig. S2, B and C) . The reaction proceeded in a manner similar to experiments with sequences harboring the rDNA positioning motif. Again a difference between the assembly kinetics for the two DNA lengths was observed.
NAP1 Can Guide the Complete Assembly to the Chromatosome Structure-Recent studies highlight the function of NAP1 as a linker histone chaperone (38, 39) . To assess the ability of NAP1 to assemble chromatosomes, e.g. nucleosomes plus linker histone H1, we utilized fluorescently labeled H1
f . This protein was complexed with NAP1 in the ratio required for stoichiometric binding of one NAP1 dimer per H1 (39) . It can be seen in the competition experiment between NAP1 complexes with Alexa 633-labeled H2A r ⅐H2B dimers and H1 f that the linker histone has a high affinity to NAP1 similar to the H2A⅐H2B dimer (supplemental Fig. S3 ).
The NAP1 2 -H1 f complex was assembled with DNA 207 together with a core histone/NAP1 premix (Fig. 3) . The differential detection of EtBrstained DNA and the Alexa 488 signal from H1 f in comparison with salt-reconstituted nucleosomes allows the clear identification of the chromatosome particle and demonstrates the incorporation of H1 into the nucleosome structure (Fig. 3, A-C) . From experiments at different ratios of NAP1 2 -H1 f to core histones, we infer that H1 binds preferentially to the nucleosome over the hexasome, as the increase of the NAP1 2 -H1 f concentration primarily reduces the amount of nucleosome (Fig. 3C, lanes 5 and 6) . At stoichiometric ratios of NAP1 2 -H1 f to nucleosomes, assembly into chromatosomes was not complete, i.e. a significant fraction of H1 remained associated with NAP1 (Fig. 3, A and  C) . This result was also observed when NAP1 2 -H1 was added to mononucleosomes preassembled by salt dialysis (data not shown). The later experiments showed that roughly ϳ75% of nucleosomes bound H1 when equimolar amounts of NAP1 2 -H1 f (100 nM) were added. This is in accordance with our previous results from extraction experiments on isolated chromatin fibers, which show a substantial removal of H1 by (Table 2 ). Kinetic parameters from the quantitative analysis are given in Table 1. NAP1 (39) . A quantification of the complete chromatosome assembly reaction from several gels is presented in Fig. 3D , and the corresponding reaction scheme is given in Fig. 4 .
NAP1 Assembles H2A.Z into Mononucleosomes with the Same Mechanism as Canonical H2A-Recent studies report on the interaction of NAP1 with histone octamers containing the variant histone H2A.Z (31, 33) . Therefore, it was investigated how NAP1 assembles H2A.Z containing mononucleosomes. Assembly was performed with DNA 207 (Fig.  5A ) and DNA 146 (Fig. 5C ). The quantification of several gels (Fig. 5, B and D) revealed that the kinetics and mechanism were similar to the formation of the canonical nucleosome. This result is consistent with previous studies showing that the crystal structure (14) and the solution conformation at physiological ionic strength (73) of nucleosomes containing H2A.Z are similar to the canonical nucleosome. However, the equilibrium between hexasome and nucleosome was shifted somewhat toward the nucleosome with both DNA lengths. This could reflect differences in the stability of the nucleosomal particles that are dependent on the incorporation of the H2A variant and/or differences in their affinity to NAP1. Previous investigations revealed the capability of NAP1 or RNA to disintegrate histone dimers from complete mononucleosomes in a concentration-dependant manner (31, 39, 65) . This finding was used to address possible stability differences by performing extraction experiments with salt-reconstituted nucleosomes (canonical and H2A.Z-containing). The H2A.Z nucleosomes were more resistant FIGURE 4. Mechanism of stepwise nucleosome assembly mediated by NAP1. The reaction is depicted as a process consisting of five reversible reactions with corresponding rate constants. First, two NAP1 2 -(H3⅐H4) complexes react consecutively with the DNA to form a tetrasome particle and two free NAP1 dimers. Second, the tetrasome particle reacts with NAP1 2 -(H2A⅐H2B) to form a hexasome particle and a NAP1 dimer. Third, the hexasome particle is augmented with a second H2A⅐H2B dimer from the NAP1 2 -(H2A⅐H2B) complex, resulting in a complete nucleosome and release of NAP1 2 . Fourth, one linker histone is added to the nucleosome from NAP1 2 -H1. A fit to the depicted model resulted in the values given in Tables 1 and 2 . Free NAP1 is present as a dimer under the conditions of the experiment and binds as a dimer to a H3⅐H4 dimer, a H2A⅐H2B dimer, or a H1 monomer (36, 39). to RNA or NAP1-mediated dissociation than the canonical nucleosomes with DNA 207 (supplemental Fig. S4 ) as well as with DNA 146 (data not shown). Thus, the stability difference seems to be mostly intrinsic to the particle and not caused by different affinities to NAP1. An increased stability of H2A.Z nucleosomes was also observed previously in studies on their salt-mediated disassembly (74) , whereas in a recent report both H2A.Z-and H2A-containing nucleosomes appear equally resistant to removal by NAP1. The latter result is possibly due to somewhat different experimental conditions that stabilize the nucleosome state (75) . The quantitative analysis of our data (see below) indicates that the H2A.Z-containing nucleosomes have an ϳ3-fold lower dissociation constant. This difference is not pronounced enough to generate an energy-independent, complete exchange of H2A⅐H2B dimers with H2A.Z⅐H2B via NAP1, which is in agreement with earlier studies (31) . Nevertheless, the higher stability of the H2A.Z⅐H2B dimer in the nucleosome might contribute to its enrichment in specific types of heterochromatin (76, 77) and its function as a regulatory promoter element (78, 79) .
ACF Does Not Change the Kinetics of NAP1-mediated Mononucleosome Formation-
In previous experiments clear evidence has been presented that ACF can speed up the assembly of nucleosome arrays with NAP1 as histone carrier (37) . Accordingly, two models of the ACFaided assembly mechanism were proposed (37, 80): One assumes a twostep process in which histone chaperones deposit nucleosomes independently and the remodeling complexes render the irregularly spaced nucleosomes into ordered arrays by translocating single nucleosomes (Ref. 81 and references therein). The second model proposes a cooperative function of chaperones and remodeling complexes during assembly.
To assess the effect of ACF on NAP1-mediated mononucleosome assembly, kinetics were examined in the presence of ACF and 1 mM ATP. In control experiments we noticed that ATP alone affected the kinetics, hindering the hexasome to nucleosome transition, whereas the lowered salt concentration needed for efficient remodeling had little effect (Fig. 6A) . The modulation caused by ATP could be reproduced with CTP, pointing to a competition of the nucleotides with histone binding to DNA (Fig. 6A) . A modulating effect of ATP on NAP1-mediated assembly has also been reported previously (37) . Apart from this effect, the reactions with ACF proceeded with similar overall kinetics and via the same reaction mechanism as the assembly without the chromatin remodeler and ATP (Fig. 6B) . From these experiments we concluded that ACF does not increase the rate of NAP1-mediated mononucleosome assembly. The acceleration of the chromatin assembly processes by ACF could rather be established by creating a favorable regular spacing of nucleosomes to form a chromatin fiber in which the packaging of the nucleosomes is optimized and nucleosomes are stabilized. This would disfavor the back-reaction (nucleosome dissociation) and at the same time make more free DNA accessible, facilitating the deposition of additional nucleosomes.
A Kinetic Model for Nucleosome Assembly by NAP1-Based on the results from the gel electrophoretic and fluorescence anisotropy analysis, a kinetic model for the assembly of chromatosomes by NAP1 was derived and is described by Equations 1-4 (Fig. 4) . The model is based on the association states of NAP1 alone and its complexes with histones as determined previously (34, 36, 39) . NAP1 exists predominantly as a dimeric complex carrying either one H2A⅐H2B or H3⅐H4 dimer or a single H1 at the protein concentrations used here. At higher concentrations larger oligomers are observed for complexes with NAP1 (36) as well as for the isolated histones, as reviewed previously (45). The complete reaction scheme is described by Equations 1.1, 2.1, 3 .1, and 4.1 and was used to derive rate constants from a fit to the EMSA and anisotropy data using the software package GEPASI (61) . In these reactions NAP1 mediates the nucleosome assembly reaction without being part of the final product. In this respect NAP1 is similar to an enzymatic component, with the notable difference that it is present in stoichiometric amounts and shifts the equilibrium distribution of species by binding the free histones. If this competitive effect of free NAP1 2 is included into apparent rate constants kЈ, the assembly process can be fitted to a simplified set of bimolecular reactions of the form A ϩ B ϭ C. The resulting forward and back rate constants, kЈ, are in units of M Ϫ1 s Ϫ1 and s Ϫ1 , with kЈ forward ϭ k forward and kЈ back ϭ (k back ⅐[NAP1 2 ]). They yield an apparent equilibrium dissociation constant,
. This description, which allows a simple comparison with other protein-DNA binding reactions, is given by Equations 1.2, 2.2, 3.2, and 4.2. The corresponding fit was of similar quality as for the complex model. The resulting rate and equilibrium constants are listed in Tables 1 and 2 .
Tetrasome Formation-The rate constants for tetrasome formation were derived from the assembly reactions with only H3⅐H4 histones by EMSA and anisotropy measurements (Fig. 2, C and D) . Within the resolution of our experiments no smaller subcomplex than the tetrasome was detected. Based on earlier results a complex between a H3⅐H4 dimer and one NAP1 dimer is the predominant association state under the conditions of our experiments (36) . Thus, the reaction is likely to occur in two steps, as discussed recently for the in vivo process (82) (83) (84) .
(Eq. 1.1a) As the DNA(H3⅐H4) species is not detected in our experiments, the binding of the two H3⅐H4 dimers must occur with high cooperativity, i.e. k 1.2 Ͼ Ͼ k 1.1 . At higher protein concentrations, where NAP1 4 (H3⅐H4) 2 is observed (36), the tetrasome will likely form according to Equation 1.1b.
Fitting to the data for tetrasome formation with either Equation 1.1a or 1.1b yielded fits of equally good quality (Fig. 2D) . The resulting values of k 1.1 and k 1 were nearly identical, as k 1.1 was the rate-limiting step for the two-step model with k 1.2 Ͼ Ͼ k 1.1 . It is noted that for fitting the complete nucleosome/ chromatosome formation reaction only the total rate of tetrasome formation is relevant for the subsequent reactions. For these it did not make a detectable difference whether Equation 1.1a or 1.1b was selected. A simplified bimolecular tetrasome formation reaction is given by Equation 1.2, in which NAP1 is not included explicitly. The simplified two-step reaction is given by
(Eq. 1.2a) The alternative reaction is the tetrasome formation from a preexisting (H3⅐H4) 2 tetramer (Equation 1.2b) . The latter equation is likely to reflect the appropriate association state of H3⅐H4 for high protein concentrations (85) .
(Eq. 1.2b) Hexasome Formation-The hexasome formation is characterized by its rapid formation from the tetrasome, reducing the tetrasome concentration below the detection limit in our experiments.
The corresponding simplified reaction is given by Equation 2.2 with
The apparent dissociation constant for the hexasome formation was 4.6 Ϯ 5.7 nM. Thus, the hexasome is a stable intermediate that forms during nucleosome assembly in the presence of the competing factor NAP1. This is also reflected by the presence of hexasomal particles at the end of the time courses, where equilibrium was reached.
Nucleosome Formation-The assembly of the nucleosome is completed by addition of the second H2A⅐H2B dimer according to Equations 3.1 and 3.2 for the simplified reaction (kЈ 3 ϭ k 3 and
The DNA length and the substitution of canonical H2A with H2A.Z significantly influenced the resulting dissociation constant of this reaction. The reduced presence of hexasomes for the H2A.Z-containing particles can be assigned to a ϳ3-fold lower dissociation constant of the H2A.Z nucleosome (Table 2) . When the shorter DNA was used, the apparent KЈ d,3 increased around 5-fold from 31 Ϯ 7 to 190 Ϯ 48 nM for the canonical nucleosome and from 13 Ϯ 2 to 67 Ϯ 11 nM for the H2A.Z nucleosome. This difference appears to be caused mostly by alterations in the dissociation rate of the nucleosome, which varied more significantly then the association rate (Table 1) .
Chromatosome Formation-The complete chromatosome structure is obtained by augmentation of nucleosomes with H1. The deposition of (sub)nucleosomal particles by NAP1 and other chaperones results in formation of a dynamic unordered chromatin chain that contains hexasomes, nucleosomes, and chromatosomes with irregular spacing on the DNA. This chain is converted into a regular structure by ATP-dependent remodeling machines such as ACF. In this conformation a chromatin fiber is established in which the nucleosomes are stabilized. Thus, H2A⅐H2B dimer dissociation is impaired, and the hexasome state is depleted. In contrast, NAP1-mediated binding and dissociation of linker histone is still possible. The ratio of NAP1 2 -H1 to nucleosomes will determine the linker histone content (Fig. 3) . Free NAP1 is able to extract H1 from chromatin fibers and induce a transition from a compact chromatin state with high linker histone content to a more open conformation (39) .
apparent affinity reflects the shift of the equilibrium with decreasing amounts of NAP1. It is consistent with a previously determined dissociation constant for H1 nucleosome binding of about 2 nM in the absence of chaperones (86) .
Comparison with in Vivo Assembly Kinetics-Previously it was shown that H3 and H4 are bound in the sub-minute time scale to DNA in vivo, whereas the deposition of H2A and H2B takes 2-10 min (40) . We estimate from experiments with autofluorescent histones (87) (88) (89) that the equivalent of 1-10 M histone octamer is not bound to the DNA and available for assembly during replication. At these M concentrations, the assembly of a mononucleosome would occur with t1 ⁄ 2 ϳ 1 min or even faster in the minimal system studied here, making the kinetics comparable with those observed in vivo.
Conclusions-NAP1 is capable of guiding the complete and specific assembly of core, variant, and linker histones with DNA into nucleosomes and chromatosomes (Fig. 4) . It reliably prevents unspecific histone aggregation as well as the formation of DNA-(H2A⅐H2B) complexes that cannot maturate into nucleosomes (31, 38, 80) . The specific formation of the nucleosome/chromatosome complex can be explained simply on the basis of thermodynamic differences in the interactions among NAP1, histones, and DNA. The affinity of NAP1 toward H3⅐H4 appears to be approximately that of linear DNA, thus causing a transfer of H3⅐H4 onto DNA. In contrast, the relative affinity of H2A⅐H2B toward the chaperone must be above that for DNA, which prevents release of H2A⅐H2B onto free DNA. Once a tetrasome structure is formed, it provides a higher affinity binding platform for H2A⅐H2B dimmers so that the hexasome and nucleosome particles form. The latter structure is the preferred binding site for association with the linker histone so that the complete chromatosome complex assembles readily in a specific manner.
Our results have a number of implications for the assembly of the chromatin fiber, as proposed by the model depicted in Fig. 7 . First, the presence of a hexameric histone structure as a stable assembly intermediate, as well as the rapid equilibrium between the nucleosome and the chromatosome species, suggests that all three species will be present simultaneously to form the nascent chromatin fiber with an irregular spacing of these particles. Second, the activity of the chromatin remodeler ACF has no effect on the assembly of the mononucleosome but will be required to form a more regular chromatin fiber structure. Third, the equilibrium between hexasomes and nucleosomes is shifted toward the nucleosome as the final chromatin fiber conformation with regular spacing of nucleosomes is established. In this higher order structure, core histones are protected from possible extraction by NAP1 through internucleosomal contacts. In contrast, the relative affinity of NAP1 to H1 is high enough to modulate its content in the fiber structure without disintegration of core nucleosomes (39) .
